Gravel-structure interfaces are involved in many large-scale geotechnical applications 41 and play a vital role in the performance of soil-structure interaction systems. A large-scale 42 simple-shear device was professionally developed and used to investigate 3-D monotonic 43 and cyclic shear behavior of a gravel-steel interface in two-way beeline, cross and 44 circular shear paths. The soil deformation was measured and was used to determine the 45 interface thickness. The deforming and sliding displacements of the interface were 46 quantified and separated from the total tangential displacement. Results show that the 47 interface thickness is about (6-7)·D 50 , independent of the normal stress and shear path. 
The present study focuses on the monotonic and 3-D cyclic behavior of a 87 gravel-structure interface by performing a series of simple-shear tests using the 88 modified 3DMAS device. This paper introduces the test device, describes the test 89 configurations, and presents the results of the monotonic and 3-D cyclic tests of the 90 interface. The soil deformation was measured, and the deforming and sliding 91 displacements of the interface were quantified and separated from the total tangential 92 displacement. The newly observed simple-shear behavior of the gravel-steel interface 93 is described in detail and the influences of the normal stress magnitude and shear path 94 are also discussed. 95 y, and z directions of Fig. 1 ). The net internal space for the specimen container has a 101 1000 mm length, 1000 mm width, and 800 mm height. 102
TEST CONFIGURATIONS
Three hydraulic servo actuators controlled by an operational computer with the 103 corresponding software supply the loads in the three orthogonal directions (i.e., x, y, 104 and z directions in Fig. 1 ). The hydraulic servo system can independently generate the 105 required loads and displacements, such as normal stress (σ n ) and normal displacement 106 the specimen with 300 mm diameter) can be applied onto the interface. The two 112 horizontal servo actuators can apply all kinds of shear paths, such as pre-load 113 monotonic, two-way beeline and cross cyclic, one-way and two-way circular and 114 elliptical cyclic, and any other customized shear paths. The shear path could be under 115 displacement control, load control, or a combination of both in the x and y directions. 116
The maximum total tangential displacement is ±150 mm and the maximum shear load 117 is 400 kN in the two tangential directions. 118 D r a f t Figure 2 shows the simple-shear type soil container used for the interface tests. The 120 ring group was composed of 27 round rings with 300 mm internal diameter and 3 or 4 121 mm thickness. A number of holes were evenly distributed along the 3 mm thick rings 122 to hold the low-frictional steel bearings. Rings with 3 and 4 mm thicknesses were 123 alternately stacked with a 0.5 mm gap. The low-frictional steel bearings ensure little 124 lateral resistance between the rings. The ring group was placed on the lower box, and 125 they were supported by a spring group, as shown in Fig. 2 . Therefore, the whole 126 container (including the ring group and the lower box) is capable of freely moving up 127 and down to accommodate the volumetric deformation of the interface during shearing. 128
In addition, a 2 mm thick latex film was attached to the internal wall of the container to 129 prevent the soil particles from sticking into the gap between the rings when the shear 130 deformation of the soil takes place. 131
The relative displacements of the rings were recorded by two cameras installed at 132 the two orthogonal tangential directions, as shown in Fig. 1 . The two cameras could 133 synchronously photograph the positions of the marked points on each ring at desired 134 frequency ranging from 0.01 Hz to 1 Hz. The images were then processed to obtain the 135 lateral displacement of the marked points and the tangential displacements of the rings. 136
Details of the image processing technique were described by Zhang and Liang et al. Three tangential displacements of the interface (illustrated in Fig. 2 ) that will be 141 reiterated in the subsequent sections need to be defined. The total tangential 142 displacement (u) is the tangential displacement of the structural plate relative to the 143 lower box of the container. The deforming displacement (u d ) is the tangential 144 displacement caused by the shear deformation of the soil, and can be obtained from the 145 displacement of the top ring adjacent to the structural plate relative to the lower box. 146
The sliding displacement (u s ) is the tangential displacement of the top ring slipping 147 relatively to the structural plate, and can be obtained from the equation
148
Test materials 149
The tested interface consists of a 3-D rough steel plate and dry limestone gravel 150 (shown in Fig. 3(a) ). The grain size of the gravel ranged from 5 mm to 16 mm, with 151 mean grain size D 50 of 9.0 mm (G s =2.65), and has a poorly-graded distribution ( Fig.  152 3(b), C u = 1.8, C c = 0.9). The gravel was tamped into the container in five layers to 153 obtain 175 mm high specimen with dry density of 1.78 g/cm 3 . This specimen height, 154 consisting of 108 mm ring group and 67 mm lower box, ensures that the shear 155 deformation of the soil occurs in the ring group and that the normal displacement of 156 the interface takes place freely during shearing. Based on conventional triaxialD r a f t A 3-D artificial isotropic steel plate was used as the structural plate for the 161 interface tests. The steel surface was notched uniformly with repeating patterns of 162 standard quadrangular frustum pyramids that were 5 mm wide at the base, 1 mm wide 163 at the top, and 2 mm high. The surface roughness (i.e., R=2mm) was maintained 164 constant throughout shearing. Therefore, the normalized roughness of the tested 165 interface is R n =0.222 (Uesugi and Kishida 1986b). The area of the steel plate was 800 166 mm × 800 mm, which is suitably larger than the gravel specimen to ensure that the 167 area of the contact surface between the steel plate and the gravel remains constant 168 during sliding. Therefore, the normal displacement can represent the volumetric 169 deformation of the interface. The interface dilatancy and compression are respectively 170 denoted as the negative and positive normal displacements in all the figures of the 171
paper. 172

Shear paths 173
Linear and circular displacement-controlled shear paths were used in the present study. 174
The interface of a linear shear path was sheared along a linear route in three different 175 ways, namely, monotonic, two-way beeline cyclic, and two-way cross cyclic, which 176 are respectively illustrated as the routes of 1, 1-2-3-4-1-…, and 1-2-3-4-5-6-7-8-1-… 177 in Fig. 4(a) . On the other hand, the interface of a circular shear path was first sheared 178 along the route of 0 (shown in Fig. 4(b) ) to the required displacement amplitude (u r ) 179
and then was repeatedly sheared along a circle in the x-y tangential plane. It included 180 clockwise circular shear path 1-2-3-4-1-… and clockwise-counterclockwise circular 181 D r a f t shear path 1-2-3-4-5-6-7-8-1-…, respectively referred to as the one-way and two-way 182 circular cyclic shear paths. Either 1-2-3-4 or 5-6-7-8 was regarded as one single shear 183 cycle to facilitate the interpretation of test results. The amplitudes of the total 184 tangential displacement (u r ) were 40 mm for monotonic tests and ±20 mm for cyclic 185 tests. The normal stress was kept constant for all the interface tests. 186
MONOTONIC BEHAVIOR
187
Total response 188
The total response of the interface, referring to the interface behavior concerning u, has 189 interface dilatancy rate reaches the maximum (i.e., the peak magnitude of dv/du during 215 dilatancy). From the peak shear strength line given in Fig. 5(f) , the mobilized τ f 216 increases almost linearly proportional to the applied σ n , demonstrating that the 217 gravel-steel interface behaves well in accordance with the Mohr-Coulomb failure 218 criteria for cohesionless soils that follows the equation τ f = σ n ·tan(ϕ ip ), where ϕ ip = 32.5° 219 is the peak monotonic friction angle of the interface. The τ vs. σ n curves before the 220 peak shear strength (i.e., the yield surface) exhibit nonlinearity characteristics because 221 smaller σ n leads to earlier mobilization of τ f .
222
D r a f t
Soil deformation 223
The soil deformation (δ) and the corresponding u d were obtained from the lateral 224 displacements of the rings by processing the images captured by the two real-time 225 cameras. Figure 6 provides the profile of soil deformation (δ) along the specimen depth 226 (h) at different σ n and u. The δ increases with u but degrades with h, and is 227 considerably small when the soil layer is deeper than 62 mm (i.e., h>62mm); thus, it 228 can be neglected compared with that of the top soil layer near the steel plate. The soil 229 deformation caused by shearing appears limited to a localized shear zone, beyond 230 which the soil is barely affected by the shear application. This thickness of the 231 localized shear zone is defined as the interface thickness. For the tests in the present 232 study, the interface thickness is about 58 mm at σ n = 400 kPa and about 62 mm at σ n = 233 1 000 kPa. The normal stress exerts negligible effects on the interface thickness and on 234 the profile of soil deformation. The results of the monotonic tests reveal that the 235 interface thickness is approximately (6-7)·D 50 of the gravel. Li (2001) showed that the 236 (6-7)·D 50 interface thickness also applies to the interface between sand-blasted steel 237 plate and medium-crushed quartz sand at σ n = 100 kPa. 
Sliding displacement 248
The sliding displacement (u s ) occurs at the contact surface between the gravel and the 249 structural plate. The gravel-steel interface will fail at the contact surface if the sliding 250 displacement is sufficiently large. faster when u exceeds the turning points, and the peak shear strength of the interface is 254 mobilized at the turning points. These turning points indicate the onset of the interface 255 failure at the contact surface. Before the peak shear strength is mobilized, the gravel 256 particles adjacent to the structural plate may climb and be rearranged caused by the 257 friction constraint of the structural plate. Therefore, the gravel deforms greatly and the 258 deforming displacement accounts for the majority of the total tangential displacement. 259
When the gravel particles have just climbed and began to mainly roll over against each 260 other, the peak shear strength is mobilized. The sliding displacement thus increases 261 faster and the deforming displacement decreases. 262
The τ vs. u s and v vs. u s curves of the interface appear similar to the total response, 
Soil deformation 281
Figure 8 provides the profiles of the soil deformation in the x direction subjected to 282 cyclic shearing at σ n =400 kPa. The gravel presents large deformation when u is The two-way cross shear path can be regarded as the extended pattern of the 325 two-way beeline shear path in 3-D interface space. Therefore, the interface presents 326 similar shear stress-displacement hysteretic response in these two linear shear paths, 327 except that the shear stress begins from zero at the start of each shear cycle in the cross 328 shear path. For the same shear cycle, the shear modulus at the start (e.g., N = 0-0.25) is 329 larger than that during other loading stages (e.g., N = 0.25-0.5 and 0.75-1). It is also 330 larger than that of the two-way beeline shear test. These findings demonstrates that the 331 shear history of the orthogonal direction affects the shear behavior of the interface. The 332 shear history is disturbed and exerts little influence on the subsequent interface 333 behavior after the shear direction is reversed and the interface is reloaded. 334
The shear stress vs. tangential displacement hysteretic curves appear to be 335 
11(c)
. For the one-way circular shear tests, the τ x vs. u x hysteretic curves exhibit 347 similar response at all N values. Meanwhile, the τ y vs. u y hysteretic curves for one-way 348 circular shear test are similar to those for two-way circular shear test, and are thus 349 omitted in this paper.
354
Normal displacement 355
The total normal displacement (v) of the interface can be divided into irreversible and 356 Fig. 3 ) confirmed that the crushing during shearing produces smaller 373 gravel particles and significantly changes the grain size distribution of the gravel. On 374 the other hand, the tendency of the rearrangement of the gravel particles to reduce the 375 void ratio secondarily leads to the irreversible volumetric deformation. 376
The normal displacements of the interface presents similar responses in the 377 two-way beeline and cross cyclic shear paths which are both linear, as illustrated in 378
Figs. 12(a) and 12(b) respectively. The interface presents volumetric dilatancy during 379 loading and compression during unloading, and reaches peak v re at limiting u. The 380 dilatancy rates of v and v re decrease with u, and are much smaller than the compression 381 rate. However, the dilatancy rates of v re increase with τ, and are much bigger than the 382 compression rate. Interestingly, the dilatancy rate of v re with u d is similar to the 383 corresponding compression rate, particularly when the interface is cyclically sheared to 384 some extent, indicating that the reversible normal displacement behaves in a similarly 385 D r a f t elastic manner with the deforming displacement. The interface shows slight 386 compression at the start of each shear cycle in the two-way cross shear path, because 387 the shear direction changes to the orthogonal and the interface is partially unloaded. 388
The peak v re is similar at the first shear cycle and decreases with N in all two-way 389 shear paths. It decreases from about 2.5 mm at N = 1 to about 1 mm at N = 30, 390 corresponding to 19.0% and 7.6% of v for two-way cross shear test and 14.9% and 6.0% 391 for two-way circular shear test, respectively. This decrease is mainly attributed to the 392 crushing and reducing size of gravel particles adjacent to the structural plate. However, 393 the interface exhibits insignificant reversible normal displacement in one-way circular 394 shear path except at the first shear cycle, because the interface is always monotonically 395 sheared along a circular route without any reversal of the shear direction. 
Shear strength 407
Under 3-D loading conditions, the interface may be simultaneously sheared in x and y 408 directions, for example, in the circular shear paths. Thus, the peak shear stresses in x or 409 y direction are no longer appropriately regarded as the shear strength of the interface. 410
The resultant shear stress (τ) is introduced and defined as the root mean square of the 411 shear stresses in x and y directions (i.e., than those in the negative direction (i.e., the reload direction), which is also evident in 435 
